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Summary 

Controhng the degree of substltutlon of iron pentacarbonyl with neutral 
hgands has usually been difficult Condltlons are reported whereby conslderable 
control may be everclsed over the substltutlon of iron pentacarbonyl, lvlth 
PPh, the rat10 of mono-/disubshtution may be va.rled over a range of 50 The 
subshtuted iron carbonyl complexes were obtained by treating Lron pentacar- 
bony1 Lvlth hthlum alummum hydnde or sodium borohydnde in refluxmg THF 
UI the presence of a vmety of neutral Ilgands The method IS particularly useful 
for a sunple high yield synthesis for monosubstltuted n-on carbonyls 

Introduction 

Controlhng the degree of substltutlon of Non pentacarbonyl by neutral 
hgands has usually been difficult Coordtnahvely saturated Fe(CO), undergoes 
subshtutlon only under condrtlons (thermal or photochemlcal) wtuch promote 
tisoclahon of CO, in general, yields are poor and mL\tures of mono- and &sub- 
stituted carbonyl complexes are obtamed [l-3] Synthetic routes employmg 
the more expensive polynuclear iron carbonyls also lead to matures of Fe(CO),L 
and Fe(CO)XL, [l-4] The recent publlcatlon by Conder and Darensbourg [5] 
of a h!gh yield photochermcal synthesis for mono-substituted denvahves of iron 
pentacarbonyl promots us to report a simple, high yield, non-photochemlcal 
route which allows conslderable control over the raho of mono- to dlsubshtuhon 

It seemed hkely that a new synthetic approach might be obtaned by the 
reversible converslon of Fe(CO), to an mtermedrate capable of generatmg a 
vacant coordmatlon site under rmld con&hons For example, a vacant coordl- 
nation site is generated under ambient con&tlons by the mq-atory mserhon of 

CO III the alkyd C-Fe bond of alkyl tetracarbonylferrate(0) compleses [6]. 
Futtbermore, if conversion to the achve mterme&ate mvolved nucleophhc at- 
tack on CO it m&t be possible to take advantage of the predicted difference III 
reactnnty of Fe(C0)5 and Fe(CO),L toward nucleophrilc attack on coordmated 
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CO to control the degree of substltutlon [7] In th?s context hydride Ion might 
conceivably serve as an activator for Fe(CO), 

Chats and co-worhers had pievlously employed sodmm borohydrlde m 
refluxmg alcohol to activate Croup VI metal carbonyls toward substitution by 
neutral Irgands, In this case the products obtamed were usually dlsubstltuted 
[S] We report here that the reactlon of u-on pentacarbonyl wth hthwm alu- 
mmum hydnde or sodium borohydrlde In tetrahydrofuran (THF) m the pres- 
ence of a variety of neutral llgands can be controlled to afford high yields of 
Fe(CO),L 

ExperImental 

General rnformatron All reactions were run In Schlenk-type glassware 
under an argon atmosphere unless noted otherwse. no precaution was taken 
to ewlude au or moisture dunng the work-up and punficatlon of Fe(CO)4L 
Progress of the reactIons was followed by IR spectroscopy using 0 1 mm CaF- 
cells and a Perhm-Elmer model 457 spectrophotometer THF was dIstilled 
from CaH, and deovygenated pnor to 1t.s use, solvents for chromatography 
were used as obtalned from commercial sources Iron pentacarbonyl (Strem 
Chemxal) and the llquld phosphates were distilled and stored over molecuk 
sieve 4A The preparation gwen below for Fe(CO), &(C,H,), 1s representative 
of that employed for phosphme and arsne complexes hsted In Table 1 wth 
the exception of Fe(CO),P(CH.CH-CN),. the preparation gwen for the trl 
phenyl phosphate complex IS representatwe of that employed with other 
phosphltes 

Progress of the reaction and the ratio Fe(CO),L/Fe(CO),L2 were mono- 
tored by followng changes of v(C0) In the Infrared spectrum Beer’s law plots 
for Fe(CO),P(C,H,), and Fe(CO),[ P(C,H,),]z In CH2CIz revealed that the 
ertmctron coeffrclents for the E mode of Fe(CO),L and the E’ mode of Fe- 
(CO),Ir, were equal f 10% The product ratios reported In this \rorh assume 
thus relatlonshlp between extinction coefficients holds for other prurs of mono 
and dLsubstltuted uon carbonyls [9] 

Complexes were identlfwd by compansol of infrared spectra and melting 
pomts wth literature values and by elemental analyses for new compounds 

TABLE 1 

Fe(CO)4L YIELD D4TA L~AIHJ PROMOTED SUBSTlTbTlOh 

L Reactma trme” Ywld of Fe(CO),Lb Ral~o= 01 F~(CO)JL/F~(CO),L. 
- 

(C,H,)$’ 50 60 10 

@-CHJC~HJ)~’ Ii i0 8 
(hCCH$ii~)~P 22 60 8-l 

(C:H,O)JP 22 55 8 

GHsO)SP 72 38 5 

Kk$,H,I3* -ll 68 I4 

(C&b))= -I8 60 22 

a Not opttmt.zed b Yteld of rsolared complex reacLton scale -I 5 mmoi LtiUHi 10 mmol L sod 15 mmol 
Fe(CO), m 70 ml TH7 heated m a i5=C od bath C As detrrrmned from the mt~o of v(C0) see Eqxn 

mental section 
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Prepamtron of Fe(CO).As(C,H,J, To 4 5 mmol of LIAIH, and 10 mmol 
of tnphenyiarsme In ca 60 ml of THF was added 15 mmol of iron pentacar- 
bony1 The reactlon mixture was stlrred at 25°C for 1 h, then m a 75°C OIJ bath 

until the reactlon was complete (usually 124S h) The progress of the reactjon 
was monitored by followmg changes In the carbonyl bands (IR) Upon coohng, 
the suspension was hltered through a short column (3”) of alumina, the column 
was washed wrth methylene chloride and the combmed eluant was concentrated 
m vacua to afford a yellow brown solId, 4 16 g The solid, in a mlnlmal amount 
of CH2CI,, \\as chromatogrnphed over neutral alumina (ca 200 g, Brockman 
act1vlt.y number 1) The column was elutecl first with hek,ane to remove any 
brueacted arsme or Fe(CO)s, then wth 4/l he\ane/benzene which removed the 
desired monosubstltuted product 

Preparatron of Fe(CO)JYCH.CHXN), The reaction was run as described 
above and the THF solution was flltered through a short (3 ‘) column of alumina 
The column was eluted wth acetone and the combmed eluant was concentrated 
in vacua to afford a tan-brown solld Recrystalllzatlon from acetone-methanol 
yielded 2 20 g of off-white ciystallme powder An additional recrystalllzatlon 
from acetone-methanol gave pale-yellow crystals, m p 190 195°C (dec ), u(CN) 
2251 w, u(C0) 2058 s, 19SO s, 1916 vs cm-’ Found C,433S,H,331,N, 
1204,C,,H,.N,O_PFecaIcd C.4324.H,335.N,116-I% 

Preparatron of Fe(CO)_P(OPIz), To 1SO mg LIXIH, (1 5 mmol) In 60 ml 
THF was added 10 mmol of P(OPh), and 15 mmol of Fe(CO), The reactlon 
mixture WEIS stured In a 75°C bath and a slo\\ reactlon was observed by Infrared 
analysis After 4-I h of heating, an addltlonal 70 mg of LIAIH, was added and 
heatmg was contmued to a tokal of 8-I h The reactlon product i\as worhed up 
as Indicated for Fe(CO),AsPh, The monosubstltuted product was obtamed tn 
38% yreld as pale yellow needles, m p 6s 69°C (lit 6s 69°C) 

Preparation of FefCO),fPPh,). To 30 mg LIAIH, and 5 0 mmol of PPh, 
In i ml THF was added 1 5 mmol Fe(CO), The mixture was stu-red In a ‘i5”C 
bath for 12 h at which time IR analysis mdlcated that all of the Fe(CO), had 
reacted An addItiona 10 mg of Lr41HJ was added at 12 and at 36 h Heatmg 
Itas conttnued for a total of 50 h, at which time IR analysis lndlcated that most 
of the Fe(CO),L had been converted to Fe(CO),L? The reaction mllture was 
poured mto an open beaker and allowed to evaporate The residue was ektrac 
ted with THF and H-0 was added m small amounts to the filtered extract to 
crystallize the product 4 total of 713 mg (71% yield) of yellow crystals were 
collected, m p 264 265°C (Ilt 272’C) IR analysts indicated the crystals were 
pure Fe(C0),(PPh3). 

Treatment of Fe(CO), with LAIH, (A) To 10 mg LIAIH~ In 7 ml THF 
was added 1 5 mmol of Fe(CO),, the suspension was sampled periodIcally by 
JR At 25°C a weak v(C0) appeared at ca 1910 cm-’ brhlch 1s likely the formyl 
complex I On heating to 75°C a new band appeared at 1955 cm-‘, but Its rate 
of appearance was much slower than that of the usual substltutlon reactlon 
(Addition of PPhJ to this solution resulted in no rapid reactlons ) (B) To 
50 mg LIAIH, m 7 ml THF was added 1 5 mmol of Fe(CO), The dark red sus 
pension was sampled lmmedrately under argon and analyzed by IR One-half 
to 2/3 of the Fe(CO), had dIsappeared New bands appeared at 1968 m, 
1932 m, 1910 m, and 1880 w-m cm -’ The band at 1968 mcreaxd wth time 
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Tbls same decomposltlon of Fe(CO), was observed when the reactlon was 
carned out as described here but vnth 5 0 mmol of tnphenyiarsme or tnmethyl 
phosphate present 

kokztlon ofproducls from treatment of Fe(CO)5 with LAlH4 To 200 mg 
(5 mol) of LtiH, 11130 ml of THF under CO was added 2 5 mmol of 
Fe(CO),. The grey suspension darkened m color After one hour, IR analysis 
mticated part!al converslon to the fonnyl complex, u(C0) 1950, 1912, and 
1565, and a small amount of the hydndo complex, v(C0) 1880 cm-’ An 
adchbonal50 mg of L&H, was added and 0 5 h later another 100 mg was 
added Intied analysis mdlcated that most of the Fe(CO)S had reacted, m 
addlbon to unreacted Fe(CO), there were v(C0) bands at 1960 (polynuclear 
carbonyl), 1940 (formyl), 1912 (formyl and hydndo complexes), 1880 (hy- 
dndo), and 1565 (formyl complex) Bls(tnphenylphosphme)lmlnlum chloride 
[lo] (1 Og, 1.75 mmol) wasadded to thereactlon m=Yturealongmth 15ml of 

methanol The solvents were evaporated m vacua The residue was extracted 
under argon wtth CH,CI, and the extract was faltered Ether and then hevane 
was added to the red filtrate m small allquots 

A crop of dark red crvstals, 240 mg, was obtzuned on standmg, m addltlon 
to IR. bands associated wqth the bls(triphenylphosphtne)immium catlon there 
were v(C0) (KBr) 1936 s(br), 1900 m(br), (D&IF) 1925 s, 1895 m-s, and 
1870 (sh) cm-‘. A survey OF amomc polynuclear uon carbonyls reported In 
the hterature revealed that Fe,(CO)i;, prepared m solution (DhlF) by Edgell 
and co-workers [ 111 has a u(C0) pattern 1941 s, 1931 m, 1884 w slmllar to 
that observed for the dark red crystals 

On standmg m the cold, a crop of off-white crystals deposlted from the 
filtrate, 170 mg, IR bands in addltlon to those associated with the large catlon 
were u(C0) (KBr) 2000 w, 1908 m, and 1880 s cm-‘, tdentlcal to those reported 
earlier for (Ph,P),NIHFe(CO)J] [6] 

We cannot unequvocally establish the presence of the formyl complex I 
although mfrared bands were observed m the appropnate re@ons (2000,1935, 
1910, and 1565 cm-‘) [ 121 The formyi complex would be both a likely prod- 
uct from the reachon of Fe(CO), with hydrtde Ion and a llhely precursor to 
the hydndo comples which was also observed Attempts to lsolate the formyl 
complex were unsuccessful Infrared analysis of the reactlon rnmture before 
and after the work-up procedure suggest that the formyl complex may be con- 
verted to the hydndo complex under the condltlons of the work-up 

Tieatment of HFe(C0); wrth L (A) To 0 21 mmol of (Ph,P)?N [HFe- 

(CO)4] and 0 22 mmol of P(CHXH,CN)J under argon was added 20 ml of 
THF. The pale yeUow solution was stlrred and heated In a 75°C oti bath for 
2.5 days Lwthout any changes m the carbonyl re@on of the IR spectrum bemg 
observed L&H, (50 mg) was added and stu-rmg was continued m the bath for 
an addlkonal 2 5 days but still no conversIon to Fe(CO)JL was observed 

(B) To 1 5 mmol of Fe(CO)S m 20 ml of THF under a CO atmosphere 
was added 3 mmol of LAlH4, tne mixture was stured for 11 h at 25°C IR 

analysis of the red solution mdcated a large amount of unreacted Fe(CO)S m 
ad&bon to u(C0) at 1965 (sh), 1932 m, 1910 S, and 1880 m cm-’ One mmol 
of P(CH,CH&N), was added to the reactron mLvtu.re and stunng was contmued 
at 25°C. After 2 h most of the Fe(CO)5 had been converted to Fe(CO),L but 



the other bands were unchanged Another 50 mg of llgand was added and stir- 
nng was conhnued for 14 h after which time all of the Fe(CO), had been 
converted to Fe(CO),L but the other u(C0) remaned unchanged 

Conuersron of r’e(CO)& to Fe(CO),L, To 10 mg LlAlH4 and 1 0 mmol 
of PPh3 m 7 ml THF was added 0 5 mmol of Fe(CO),PPh, and the reachon 
mLxture was heated LII a 75°C bath under mgon After 48 h an addItIonal 10 mg 
LIAIH, was added and heatmg was contmued for an addthonal 20 h The reac- 
tlon rmxture was treated as described above, pure Fe(CO)3L- was isolated m 
44% yield 

Results and ducusslon 

Synthesis Iron pentacarbonyl does not react with tnphenylphosphme m 
refluxmg THF [ 11, but when a suspension of tnphenylphosphme and lkhlum 
alummlum hydnde or sodium borohydnde m THF was treated with excess won 
pentacarbonyl and heated, the correspondmg monosubstltuted uon carbonyl 
complex was formed m good yield The reaction appears to be general for a 
vanety of neutral hgands (terttary phosphmes, phosphlfes, arsmes, and shbmes), 
furthermore, the reachon condltlons are sufflclently mild to tolerate funchonal 
groups such as nltnle UI the Ilgand (Table 1) 

ReactIons were run with the neutral hgand (L) as the Ilmltmg reagent since 
it IS frequently the bmltu-tg matenal economically and excess Fe(CO), IS easily 
removed due to Its volnhhty and ease of autosldahon to msoluble ovldes The 
THF solution of reactlon products was filtered through a short column of 
alumma to remove resoluble matenal and then was chromatographed on alumma 
to gwe pure Fe(CO),L No attempt was made to rsolate the small yield of 
Fe(CO),L2 Y lelds reported ln Table 1 are for Isolated products obtaned via 
LtAWJ facllltated reactlons, slmdar yields were obtamed \slth NsBH, Fe(CO),- 
P(CH&HXN), (59%), Fe(CO),AsPh, (80%) 

We observed an ablhty to control the degree of substltutlon which IS unique 
for organometallx synthesis Factors effectmg the ratlo of mono- to dlsubstltu- 
tlon, reoctlons 1 and 2, ~111 be discussed below 

Fe(CO), + L + Fe(CO),L + CO (1) 

Fe(CO),L + L - Fe(CO),L, i- CO (2) 

Effect of concentration and type of metal hydride Metal hydrides were 
observed to be effechve m a reasonably narrow concentration range, a character 
lstlc which led us mltlally to underestlmate the utlllty of sodium borohydnde 
The effect of a systematic varlatlon in LIAIH, concentration on the subshtuhon 
of Fe(CO), with PPh3, P(OCH,),, and AsPh, 1s shown In Table 2 The highest 
ratios of mono- to dlsubstltutlon were obtained when the concentrahon of 
LtAlH, was of the order of 0 125 mmol L~ilH,/l 5 mmol Fe(CO)S, although 
at this concentration the reachon was quite slow High ratios of mono-/dlsub- 
stltuhon combmed wth ophmum reactlon rates (12 h versus 41 h for the con- 
dlhons cited above) were obtamed when 0 25 mmol LlAlHJl 5 mmol Fe(CO)S 
was used As the relative concentrahon of LUSH, or NaIJH, was mcreased the 
reaction rate increased but the raho of mono-/dlsubstltuhon decreased 
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TABLE 2 

EFFECT oFLGJH4AhDLCO~~~~~~~~l~~~ ONTHEPRODUCT RATIOS 

LLUH, (rnmol) L(mmOl) Fe(CO)aLIFe(CO) ,L$’ 

0 125 10 PPhJ 12 
025 10 9 

1 25 10 16 
0 25 30 37 

0 50 50 13 
1 35 50 02 
025 I 0 4sPh3 16 
025 30 16 
1 25 50 11 
0 50 1 0 P(OCHJ)J 35 
075 54 10 

u Run under argon wlb 1 5 mmol Fe(CO), LD 7 ml THF and heated m a 75=C balh b Ralms v,ere read 
after = constant value *as atraured or v.bem L uas I" excess at Lbe end of I-ah Tbe\alucreported~~an 
a~er3geofa~le~~\ko runs 

When Fe(CO), and !igand were treated lath higher concentrations of 

LIAIH, (e g , 1 25 mmol LiAIH,/l 5 mmol Fe(CO),), a very rapid reaction of 
Fe(CO), with LMH, was observed (whether or not hgnnd was present) which 
resulted UI converslon of approvlmately half of the Fe(CO), to other carbonyl 
products (Accordmgly, product ratios obtamed at higher concentrations of 
LtAEI, were somec\hhat less accurate than ratios obtained at lower LtAlH, con- 
centrations because of some overlap in v(C0) of products and side-products ) 
Yields of isolated complexes from reactions using high L14lH, concentmtlons 
were lower than from reactions using lesser amounts of LIAIH~, probabIy due to 
this uut~al decomposition of the Fe(CO), 

A comparison of the selectlvky of LIAIH, and NaBH, as substitution 
promoters for Fe(CO), IS reported in Table 3 Sodium borohydnde was found, 
mall cases exammed,to lead to moreselectlve formation ofmonosubstltuted 

complexes The ratios in Table 3 are consistent with our observation that the 
conversion of mono- to dlsubstituted iron carbonyl (eqn 2) WZIS consldenbly 
slower with NaBH, than it was with LtAlH, (The rate of metal hydnde factil- 
tated monosubstftutlon (eqn 1) appeared to be of the same order of mng 

TABLE3 

CO!&fPARISONOFLMlH~ ANDNaBH4 ASSUBSTlTUTlONPROMOTERS~ 

L Fe(CO),L/Fe(CO)JL: obtzned wicb b 

LXIHJ haBH4 

PPbJ 9 11 

Mb3 14 20 

P(CH$H2CN)3 7 >17 

P(OCHx),= 35 7 

a EXLXZIUII~~L~~ COO~ILIO~S 10 mg melal hsdnde 1 0 mmol L and I 5 mmol Fe(CO), III 7 ml THF \cas 
bcared m & 75’C bath under a%oa b Each b4ue reprewenls average of ar least Lwo - c Wllb pbospblles 
20 mgof mecal bvdnde aas employed 
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nltude for NaBH, and LIPU-I, ) Accordmgly, NaBH, was less effective than 
LI.ALH~ for promotmg the synthesis of dlsubstltuted products 

Effect of concentralron and type of &and The effect of neutral llgands 
on the ratlo of mono-/dlsubstltutlon LS shown In Table 2 Increasmg the ratlo 
of PPhJ/Fe(CO)S favored mcreased d!substltutlon whereas lncreasmg AsPhJ 
Fe(CO), had httie effect, perhaps In response to the greater stenc bulk of the 
AsPh, llgand Higher ratios of mono-/dlsubstltutlon were usually favored by 
the more bulky lrgands AsPh, and SbPh, Fhosphltes In general requued a 
larger amount of LIUH, or NaBH, for substltutlon to occur (e g , 0 5 mmol 
LIAIHJ~ 5 mmol Fe(CO),), substltutlon by trlphenyl phosphate was notlce- 
ably slower than substltutlon with other Ilgands PremLxlng the neutral hgand 
lvlth L&H, had a negh~ble effect on both the substxuhon rate and the prod- 
uct li.iLlO 

Promotmgduubstrtutlon The concentration effects of metal hydnde and 
Ilgand were addltlve at least m part as shown In Table 2 Increased concentra- 
tions of both metal hydride and lrgand favor dlsubstltutlon Fe(CO),(PPh,):: 
was Isolated In good yield (71%) Hhen the larger amount of LlAlH, was added 
over a period of ttme It appears likely that the dlsubstltuted product arises via 
eqn 2 since Fe(CO),L could be converted to Fe(CO),L2 under the same con- 

dltlons We have not yet succeeded m applymg this sequence satlsfactorlly to 
the synthesis of unsymmetrically substituted complexes of the type I?e(CO)3LL’ 
In most cases the crystalllne dlsubstltuted uon carbonyl complexes were less 
soluble than the monosubstltuted comple\es and, therefore, the former was 
easislly purrfled by recrystall~atlon 

Observations on the mecflanum Although we cannot suggest a mechanism 
for the substltutlon, certam observations are reported and discussed as they 

relate to a possible mechanism Seemtngly, the first posslblllty to be explored 
would be that shown In Scheme 1 Fe(CO), IS susceptible to nucleophlllc 
attack on CO by strong nucleophlles [13] The formyl complex I and the hy- 
dride cornpIe\ II are both hnown and I has been reported to undergo slow 
(at 35°C) decarbonylatlon (eqn 1) to the hydride II [12] However, several 
observations as cited below suggest that the hydride and formyl complexes are 
unlikely Intermediates in the substltutlon reactlon 

SCHEhlE 1 

Fe(C0). + H-s HCOFe(CO), 
(I) 

HCOFe(C0); * HFe(CO)I + CO 
(II) 

HFe(C0); + L s HCOFe(CO),L- 

HCOFe(CO)JL- - H- 7 Fe(CO),L 

(3) 

(1) 

(5) 

(6) 

No mtermedlates were detected by Infrared spectroscopy suggestmg that 
the mtermedrates mvolved were quite reactive under the usual reactlon condo- 
tlons In separate ekperunents the hydride complex II was prepared both as the 
isolated bls(trlphenylphosphlne)lmmnlum salt and as the hthlum salt m s1t.u and 
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was treated III each case wth P(CH,CH&IN), There was no conversion to 
Fe(CO)*L 

Iron pentacarbonyl farls to react with L by Itself but it does react wqth 
LLAIH,. At the low concentrations of LIALH~ used to promote monosubstltu- 
bon (e g 0 125 0 50 mmol LAlH,/l 5 mmol Fe(CO),) there IS httle reactlon 
between the two reagents m the absence of L If the LAlH, concentration IS 
mcreased (to 1 25 mmol/l 5 mrnol Fe(CO),), a rapid reactlon tahes place 
(even m the presence of L) m which approximately l/2 to 2/3 of the Fe(C0). 
IS converted to other carbonyl products The dark red solution obtalned from 
this reactlon appeared to contaln three carbonyl products rn addrtlon to un 
reacted Fe(CO), and we tentatively label these products as the formyl complex 
I, the hydndo complex II, and a polynuclear carbonyl complex (to which we 
ascnbe the red color of the solution) Addition of a neutral llgand to the red 
soluhon and heating in a 75°C bath resulted In the converslon of unreacted 
Fe(CO), to Fe(CO),L but the other carbonyl products, denved from the action 
of LAlH, on Fe(CO),, remamed unchanged Thus, It appears unlikely that the 
hydnde and formyl complexes are mvolved m the substltutlon of Fe(CO), 
other than as moor byproducts and that Scheme 1 as wntten represents an 
unhkely path for the substltutlon of iron pentacarboryl 

This work has demonstrated the utd~ty of LIAIH~ and NaBHa for pro- 
motlng the substltutlon of Fe(C0). by a vanety of neutral llgands under rela- 
tively mdd condltlons The extent of substltutlon can be controlled by choosmg 
approprmte concentrations of startmg materials This simple one flask synthesis 
IS pr+rt~ulariy useful For the preparation of frequently hard-to obtain mono 

substituted uon carbonyl comple\es 
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